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Abstract 
Members of the TRIM protein family have been shown to gather into structures in both 
the nucleus and cytoplasm. One TRIM protein family member, TRIM5α, has been 
shown to form cytoplasmic bodies involved in restricting retroviruses such as HIV-1. 
Here we applied cryogenic correlated light and electron microscopy (cryo-CLEM) to 
intact mammalian cells expressing YFP-rhTRIM5α and found hexagonal nets were 
present whose arm-lengths were similar to those of the hexagonal nets formed by 
purified TRIM5α in-vitro. We also observed YFP-rhTRIM5α within a diversity of 
structures with characteristics expected for organelles involved in different stages of 
macroautophagy, including disorganized protein aggregations (sequestosomes), 
sequestosomes flanked by flat double-membraned vesicles (sequestosome:phagophore 
complexes), sequestosomes within a double-membraned vesicle (autophagosomes), 
and sequestosomes within multi-vesicular autophagic vacuoles (autolysosomes or 
amphisomes). Vaults were also seen in these structures, consistent with their role in 
autophagy. Our data (i) support recent reports that TRIM5α can form both well-
organized signaling complexes and non-signaling aggregates, (ii) offer the first images 
of the macroautophagy pathway in a near-native state, and (iii) reveal that vaults arrive 
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Introduction 
Members of the tripartite motif (TRIM) family of proteins have been shown to localize to 
isolated subcellular compartments 1. One of the most studied TRIM compartments is 
the TRIM5α cytoplasmic body 2. Similar to other members of the TRIM family 1, TRIM5 
proteins comprise a RING E3 ubiquitin-ligase domain, a B-box 2 self-assembly domain, 
and an antiparallel dimeric coiled-coil. Li et al. showed previously that the coiled-coil and 
B-box 2 domains of TRIM5α facilitate oligomerization into flat hexagonal lattices in vitro 
3–6. TRIM5 proteins also contain one of two different C-terminal viral recognition 
domains, a B30.2/SPRY domain in TRIM5α or a cyclophilin A (CypA) domain in 
TRIMCyp 7–10. One of the most notable features of TRIM5 proteins is their ability to 
block retroviral infections by binding viral capsids via their B30.2/SPRY or CypA 
domains 2,10, but how this leads to restriction remains unclear. 
 
Campbell et al. reported previously that fluorescently-tagged human TRIM5α 
(huTRIM5α) and rhesus TRIM5α (rhTRIM5α) form highly dynamic fluorescent bodies of 
various sizes inside cells 11,12, which interact with cytoplasmic HIV-1 viral complexes 12. 
Previous FIB-SEM studies revealed that fixed and stained YFP-tagged rhesus TRIM5α 
(YFP-rhTRIM5α) bodies appear as large aggregates inside the cytoplasm 13, but no 
further detail was discernable. Towards elucidating the ultrastructure of YFP-rhTRIM5α 
bodies to higher resolution and in a more native state, here we sought to image them 
using cryogenic correlated light and electron microscopy (cryo-CLEM) 14.  
 
We find that YFP-rhTRIM5α can form extended hexagonal nets inside cells as well as 
different structures whose features match those expected for different stages of 
macroautophagy, including sequestosomes15, phagophores, autophagosomes and 
autophagic vacuoles. Macroautophagy is one form of autophagy in which large 
structures such as mitochondria, misfolded and aggregated proteins, viruses, or other 
organelles or cellular pathogens are degraded 16,17. The process begins with 
sequestration of the substrates within the cytoplasm. Then a cup-shaped, flattened 
vesicle called a phagophore grows around the sequestered material until it fuses with 
itself, enclosing the substrates within a double-membraned autophagosome. 
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Autophagosomes then travel long distances along microtubules towards the 
microtubule-organizing center until they encounter and fuse with either an endosome or 
a lysosome to form an amphisome or auto-lysosome, respectively. Membrane fusion of 
an amphisome or autophagosome with a lysosome can also produce an auto-lysosome. 
Another structure known to be involved in autophagy are vaults. Vaults are 70-nm by 
30-nm, roughly-ellipsoidal, megadalton ribonucleoprotein complexes comprising the 
major vault protein (MVP), telomerase-associated protein-1 (TEP1), and the vault poly 
(ADP-ribose) polymerase. Vaults reside in the cytoplasm 44 and nucleus and are known 
to house non-coding vault RNAs (vtRNAs) important in the regulation of autophagy 45.  
 
As a result of finding that YFP-rhTRIM5α bodies are associated with macroautophagy, 
our cryotomograms provide 3D images of all these structures in their native state to 
macromolecular (~4 nm) resolution, and reveal that vaults arrive early in the process. 
 
Results 
HeLa cells either stably overexpressing YFP-rhTRIM5α or not (wildtype controls) were 
grown on EM grids for 12 hours and then plunge-frozen in liquid ethane 18 . Because the 
proteasome inhibitor MG-132 generates large YFP-rhTRIM5α fluorescent bodies and 
was shown to have little effect on steady state protein levels of YFP-rhTRIM5α 
(compared to untreated) 12,19, cells treated with MG-132 were also imaged (see Table 
S2 for details on which tomograms came from which cells). Phase contrast and 
fluorescence images were then recorded of the frozen cells using a light microscope 
equipped with a cryo-stage and a long-working-distance air-objective lens 14. Grids with 
YFP-rhTRIM5α fluorescent bodies present in cell peripheries suitably thin for 
transmission electron microscopy were then transferred into a cryo-electron 
microscope. These same cell regions were then re-located within the cryo-electron 
microscope and full tilt-series were recorded. Three-dimensional reconstructions 
(cryotomograms) were calculated. 500 nm blue fluorospheres added to the samples 
before freezing were used as fiducial markers to precisely superimpose the centroids of 
the fluorescent puncta within 80 nm accuracy onto the cryotomograms, using the same 
image correlation procedures described previously (Figure S1) 20.  
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Thirty-five cryotomograms of YFP-TRIM5α fluorescent bodies located in the cell 
periphery of 20 cells and 51 control cryotomograms of HeLa cells not expressing YFP-
rhTRIM5α were analyzed in total. As we inspected the cryotomograms of YFP-TRIM5α 
bodies, and compared them to the controls, we recognized several structures frequently 
co-localizing with YFP-TRIM5α including vaults, dense protein aggregates, flattened 
vesicles, double-membraned vesicles, and nested vesicles. Because all these 
structures are expected for the autophagy pathway, we concluded that exogenous YFP-
TRIM5α was being degraded through autophagy. This allowed us to begin to place the 
cryotomograms in sequence within the autophagy process based on both which 
features accompanied which others (protein aggregates were sometimes present 
without flattened vesicles, but not vice-versa) and existing knowledge, including for 
instance that phagophores (the flattened vesicles) are known to mature into double-
membraned autophagosomes. This analysis revealed distinct stages of autophagy and 
their order: colocalization of substrate, arrival of vaults, formation of dense substrate 
aggregates (sequestosomes), creation of phagophores, phagophore closure around 
substrate to produce autophagosomes, and finally autophagosome fusion with either 
endosomes or lysosomes to produce an autophagic vacuole.   
 
In the figures here, we present example cryotomograms representing each of the 
different stages of autophagy in their deduced sequence. For clarity and simplicity, each 
such figure shows one cryotomogram, with multiple panels to highlight different 
features. Figures 1 and S2 show vaults; Figures 2 and S3-5 show pre-phagophore 
sequestosomes; Figures 3, 4, and S6 show sequestosome:phagophore complexes; 
Figures 6 and S8-9 show autophagosomes; and Figures 7 and S10 show autophagic 
vacuoles. Again for clarity and simplicity, these figure panels follow a consistent pattern: 
the first panel shows an overlay of the yellow-channel fluorescence image (revealing the 
location of YFP-rhTRIM5α) on an xy slice of the cryotomogram, the second panel 
shows the same slice of the cryotomogram without the fluorescence, the third panel 
shows a color-coded segmentation of the 3D cellular ultrastructure as revealed by the 
cryotomograms, and the fourth panel shows an enlarged view of key structures of 
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interest, sometimes rotated to a more useful perspective. In some cases, additional 
panels or figures are shown to highlight other important findings, and three movies 
showing the fluorescence images, correlation process, cryotomograms, and 3D 
segmentations from various angles of the volumes shown in Figures 2, 4 and S6 are 
provided as Movies 1, 2 and 3. The pre-figure illustrates the color code used in the 
segmentations to mark the different organelles.  
 
Stage 1: Colocalization of substrate 
In 5 of the cryotomograms of YFP-TRIM5α fluorescent bodies, none of the above-
mentioned hallmarks of autophagy were found, and the scene was just typical 
cytoplasm (as in the controls). Our interpretation is that autophagy begins by substrate 
colocalization that is sufficient to form a fluorescent punctum, but without structural 
features recognizable by cryo-ET. 
 
 
All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which. http://dx.doi.org/10.1101/835322doi: bioRxiv preprint first posted online Nov. 7, 2019; 
 7 
Stage 2: Vault complexes 
Vaults, with their unique and easily-recognizable morphology, were seen in 7 of the 35 
total cryotomograms. Because no vaults were seen in the control cryotomograms of 
HeLa cells not expressing YFP-rhTRIM5α, we concluded that vaults are hallmarks of 
the autophagy pathway, rather than just ubiquitously present in the cytoplasm. Vaults 
were seen in cryotomograms alone (without any other hallmarks of autophagy visible) 
and at all other stages (with sequestosomes, phagophores, autophagosomes, and 
within autophagic vacuoles). Because vaults were seen alone in two cases (shown in 
Fig. 1 and S2), but also in all other stages of autophagy, we interpret these two 
cryotomograms as early stages of autophagy, and conclude that vaults are recruited 




sequestosomes   




protein aggregates in 
the midst of 
unstructured 
cytoplasm that were 
recognizable both 
from their unique 
texture of packed dot-
like densities and 
exclusion of organelles and vesicles. We applied a convolution neural network to 
objectively identify and annotate ribosomes and microtubules 21, and found that they 
were excluded from the aggregates. (Figures. 2B red arrow, and S3, S4 and Movie S1). 
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The aggregates were not surrounded by membranes, though other organelles were 
nearby. Vaults were seen embedded in the aggregates (Figure S3). Earlier correlative 
immunofluorescence/EM analyses of fixed and stained HeLa cells revealed that YFP-
rhTRIM5α fluorescent bodies colocalize with the protein p62, a central component of 
the structure which was named sequestosome, which was also found within 
membrane-free compartments43. For this reason, we also call our aggregates 
sequestosomes.  
 
Previous work showed that microtubules are required for TRIM5α motility 11, and we 
found microtubules in close association with the sequestosomes in our cryotomograms. 
In some cases, the microtubules were parallel to the longer dimension of the 
sequestosomes, as if the sequestosomes were perhaps moving along the microtubule 
and being shaped by collisions with other material. In many cases, the sequestosomes 
were also surrounded by (Figures 2 and S4), or adjacent to (Figure S5) F-actin 
structures. Five of these sequestosomes also appeared very close to ER tubules and 
mitochondria (Figures 2 and 
S4B, blue and orange arrows, 
respectively). However, given 
that all tomograms were 
recorded in the cell periphery, it 
is not surprising to find cortical 
actin, microtubules, ER and 
mitochondria. Indeed ~50% of 
our control cryotomograms 
contained cortical actin, 
microtubules, ER and 
mitochondria. Therefore, it 
could be that the 
sequestosomes appeared close 
to these structures simply by 
chance.  
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Stage 4: Phagophore 
complexes 





phagophores nearby (Figures 3, 4, 
S6 and Movies S2 and S3). We 
identified phagophores in our 
cryotomograms as flattened vesicles 
near YFP-rhTRIM5α fluorescence 
with dimensions similar to or smaller than the 
sequestosomes. Only one control cryotomograms of 
Hela cells not expressing YFP-rhTRIM5α exhibited a 
similar flattened phagophore-like structure. The different 
morphologies and sizes of the phagophores visualized in our cryotomograms suggest 
they represent different stages in phagophore biogenesis. The sequestosomes in these 
phagophore complexes appeared just like the pre-phagophore sequestosomes in 
texture and size. Again, vaults were present, embedded within the sequestosome 
(Figure S6). We also observed putative phagophores without clear sequestosomes 
nearby. Strikingly in the example of Figure 4, we observed in one cryotomographic slice 
two separate points of contact between the phagophore and the ER membrane, both 
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Hexagonal lattices near 
phagophores and isolated 
in the cytoplasm 
In two cryotomograms of 
sequestosome:phagophore 
complexes, hexagonal nets 
with a lattice spacing of ~30 
nm (center of one hexagon to 
center of the next) were 
observed in the cytoplasm 
close to the phagophore. The 
largest net covered a surface 
area of 500 nm2 and was 
well-ordered (Figure 4). This 
net appeared in close 
proximity not only to the 
sequestosome but also 
mitochondria, ER, and the 
ends of the phagophore 
membrane. The lattice 
spacing of this net and that formed by purified TRIM5α hexamers4 was very similar: 30 
+/-2 nm in vivo and 33 +/-2 nm in vitro (Figure 5). In some cases, we also observed 
hexagonal lattices with a larger, ~ 35 nm lattice spacing located on the inside surface of 
the plasma membrane (Figure 5, S7 black circles and Movie S3). Based on their lattice 
spacing and location on the plasma membrane, which match the hexamers of 
triskelions we imaged at the plasma membrane in a previous study (Figure S5J-L)22, we 
interpret these structures as clathrin. Unlike clathrin, the smaller 30-nm nets we 
observed within the YFP-rhTRIM5α fluorescence signals were sandwiched between 
cellular material such as ribosomes and microtubules, not on the plasma membrane 
(Movie S3). The 30-nm nets were also not surrounding vesicles, as would be expected 
All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which. http://dx.doi.org/10.1101/835322doi: bioRxiv preprint first posted online Nov. 7, 2019; 
 11 
for intracellular clathrin, but were rather in the cytoplasm either unassociated with any 
membrane or found between ER tubules. Because their lattice spacing matches 
TRIM5α lattices in vitro, and they co-localized with YFP-rhTRIM5α fluorescence, we 
conclude they are YFP-TRIM5α. 
 
Stage 5: Autophagosomes 
Seven YFP-rhTRIM5α 
fluorescent bodies co-localized to 
double-membraned vesicles 
(Figures 6, S8 and S9). Only one 
control cryotomogram exhibited a 
similar structure. We interpret 
these as autophagosomes, 
organelles generated by the 
extension and fusion of the 
extreme ends of the phagophore. 
The autophagosomal 
membranes displayed variable 
intermembrane spaces, some 
with large gaps devoid of macromolecular material 
such as ribosomes or microtubules (Figure S9). The texture of the material inside the 
autophagosomes was just like the cytoplasmic sequestosomes described earlier, except 
there were no filaments. Vaults were also seen inside the autophagosomes (Figure 6).   
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Stage 6: Autophagic 
vacuoles 
In two cryotomograms, we 
saw large (~700 nm) vesicles 
enclosing three or more 
medium-sized (~300 nm) 
vesicles and various cellular 
debris such as filaments and 
small (~40 nm) vesicles 
(Figure 7). In these two 
cases, the YFP-rhTRIM5α 
fluorescence localized 
specifically to one of the 
medium-sized vesicles. The interiors of these particular vesicles (that correlated with 
YFP-TRIM5α) had the same texture as the cytoplasmic sequestosomes, and they 
contained vaults (Figures 7 and S10). We interpret the large vesicles to be auto-
lysosomes or amphisomes, and the YFP-TRIM5α-filled medium-sized vesicles to be 
remnants of autophagosomes after their outer membranes fused with the lysosome or 
early/late endosomes, respectively.  
 
Discussion 
Here we found that exogenous YFP-rhTRIM5α colocalizes with six different stages of 
autophagic structures. We found that vaults are recruited early in autophagy, and that 
YFP-rhTRIM5α can form extended hexagonal nets in vivo. 
 
Our results relate to several different bodies of work in the literature. First, our results 
support a recent report by Fletcher et al. that demonstrated the existence of two 
populations of cytoplasmic TRIM5α bodies inside cells: hexagonal signaling lattices and 
non-signaling aggregates23. We saw both extended hexagonal lattices and aggregates. 
Fletcher et al. showed that a single point mutation in the B-Box domain (R119E) of 
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huTRIM5α prevented it from forming cytoplasmic fluorescent bodies or restricting 
retroviral infection, suggesting that pre-formed trimeric complexes within cytoplasmic 
fluorescent bodies are indispensable for viral restriction23,24. Our data support this model 
because here we proved by direct imaging that TRIM5α can in fact form extended 
hexagonal lattices inside cells.  
 
Unfortunately, our images do not reveal what exactly the hexagonal nets are doing. 
Fluorescence studies have shown that overexpressed GFP-tagged human TRIM5α 
(GFP-huTRIM5α) localizes with DFCP1 and ULK1, two early regulators of autophagy 
initiation, and LC3B, a key player in phagophore biogenesis 25,26. A crystal structure was 
recently solved of the Trim5α B-box and coiled-coil regions in complex with LC3B, 
suggesting this contact is specific and functional 27. Many different receptors are used to 
recognize and sequester the material that is to be degraded by macroautophagy28–30. 
One of these receptors is the ubiquitin-binding p62 sequestosome protein (also 
known as SQSTM1). Interestingly, TRIM5α has been shown to form complexes and 
localize with p62 inside cells 26,31,32. Mandell et al. recently demonstrated that around 
50 percent of TRIMs modulate autophagy by not only acting as receptors but also by 
forming a molecular scaffold termed the TRIMosome 26,33,34. Our localization of YFP-
rhTRIM5α fluorescent bodies to sites of phagophore biogenesis is in agreement with all 
these findings, and our finding that TRIM5α can form hexagonal nets supports the 
notion that it may act as a scaffold. Table S1 summarizes our review of the literature 
which documents the association of TRIM5α proteins with many autophagy-related 
proteins.  
 
Concerning the aggregates, in mammalian cells at least two kinds of aggregation 
compartments have been distinguished, namely the aggresome 37,38 and the 
aggresome-like induced structure (ALIS) 39,40. Unlike our YFP-rhTRIM5α aggregates, 
aggresomes persist in only one or two copies per cell at the microtubule organizing 
center near the nucleus and are surrounded by vimentin. ALIS have been shown to be 
formed by the aggregation of newly synthesized, ubiquitinated proteins, and are induced 
by various cell stressors including puromycin and oxidative stress 40. ALIS are also 
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transient and found throughout the cell. Previous reports have shown that p62 is 
required for their formation 35,40,41 and more ALIS form when p62 is up-regulated 42. 
Indeed, ALIS are indistinguishable from p62 sequestosomes42. Therefore, based on 
these similarities, we speculate that our TRIM5α-YFP aggregates are likely ALIS rather 
than aggresomes. The dot-like densities in our aggregates are presumably mis-folded 
protein including YFP-TRIM5α 23.   
 
Our data contain 3D images of putative phagophores at various stages of their growth. 
Strikingly, we did not see any ultrastructure in our cryotomograms like the previously 
described omegasome 46. The absence of the omegasome in our cryotomograms 
indicates we were either imaging a different macroautophagy pathway or the 
omegasome was an artifact of traditional preparative methods 47. Future cryo-CLEM 
work with tagged proteins specific for omegasome formation, such as DFCP-1 48 should 
clarify the issue.  
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Figure legends 
Figure 1. Here and all other main figures below A, B, C and D panels are arranged as 
follows (A) Deconvolved epifluorescent images overlaid onto a cryotomogram slice. (B)    
Cryotomographic slice without fluorescence. (C) Segmentation of the 3D ultrastructure 
inside the cell. (D) Middle right panel shows a zoomed view of the sequestosome, 
hexagonal clathrin and TRIM5α nets in (B) and (C). Cellular structures are labelled as 
followed ER (endoplasmic reticulum), M (mitochondrion), AV (autophagic vacuole), 
MVB (multilamella fluorescent bodies), V (vesicle) MT (microtubule), P (phagophore), A 
(actin filaments), F (filapodia), and AP (autophagosome). 
 
Cryo-CLEM reveals YFP-TRIM5α fluorescent bodies localize near vault 
complexes. The green arrow highlights a vault complex. Scale bars = 150 nm. Inset 
shows an enlarged view of a vault, alongside the crystal structure (PDB:4V60) of the 
vault complex. Scale bar = 30 nm. 
 
Figure 2. Sequestosomes represent YFP-rhTRIM5α fluorescent bodies in MG-132 
treated HeLa cells. (B) Same cryotomogram slice as A, with the border of the 
sequestosome highlighted with a black dashed line. The red arrow highlights a 
cytoplasm:sequestosome boundary, the orange arrow highlights a 
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mitochondrion:sequestosome boundary, and the blue arrow highlights an 
ER:sequestosome in close proximity. A and B Scale bars = 200 nm. (C) The two white 
arrows point to hexagonal clathrin at the plasma membrane. (D) Enlarged view of the 
ER, sequestosome, and hexagonal clathrin, with the actin filaments omitted, as 
highlighted by the white dashed box in (C). 
 
Figure 3. Cryo-CLEM reveals YFP-rhTRIM5α fluorescent bodies (untreated), 
localized to a cytosolic sequestosome:phagophore complex in close association 
with the ER. (B) The boarder of the sequestosome is highlighted with a white dashed 
line. The yellow arrow highlights a sequestosome:phagophore in close proximity, the 
red arrow highlight a cytoplasm:sequestosome in close proximity, and the green arrows 
highlight the extreme ends of the phagophore membrane. Scale bars = 200 nm. (D) 
Enlarged view of the sequestosome:phagophore complex shown in (B) and (C).  
 
Figure 4. Phagophores in association with a TRIM5α hexagonal lattice represent 
YFP-rhTRIM5α fluorescent bodies. (A) Cryotomographic slice displaying the base of 
the phagophore. The blue arrows highlight the close proximity between the extreme 
ends of the phagophore and ER. (B) A different cryotomographic slice displaying the tip 
of the phagophore. A and B Scale bars  =  250 nm. (D) Enlarged view of the TRIM5α 
hexagonal lattice shown in (B) and (C). (E) Cryotomographic slice showing TRIM5α 
hexagonal nets found located in the cytoplasm. The red arrow highlights a 
cytoplasm:TRIM5α hexagonal lattice in close proximity, the orange arrow highlight 
mitochondrion:TRIM5α hexagonal lattice in close proximity. Scale bar = 100 nm. (F) 
Displays a Fourier transform of the cytosolic hexagonal TRIM5α. (G) An enlarged image 
of the extreme ends of the phagophore tethered to the ER membrane via TRIM5α arm-
like protein densities, as highlighted by the yellow dashed box in (D). (H) The same 
image as in (G), but this time with the distances of the arm-like densities in nm. Scale 
bar = 100 nm.  
 
Figure 5. Hexagonal clathrin and TRIM5α exhibit different lattice spacing’s. (A) and (D) 
Cryotomographic slice showing cytoplasmic hexagonal TRIM5α inside a HeLa cell and 
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2D hexagonal lattices of purified TRIM5α-21R, respectively. (G) and (J) 
Cryotomographic slices showing hexagonal clathrin inside a HeLa and adipocyte cell 
respectively. (B), (E), (H), and (K) Respective Fourier transfer from crytomographic 
slices in (A), (D), (G), and (J). Colored circles in (B), (E), (H), and (K) correspond to the 
colored vectors and lattice spacings in (C), (F), (I), and (L).  
 
Figure 6. Cryo-CLEM reveals YFP-rhTRIM5α fluorescent bodies (untreated) 
localized to an autophagosome containing a vault. (B) Yellow arrow highlights a 
vault. Scale bars = 250 nm. (D) Enlarged view of the autophagosome shown in (C). The 
crystal structure (4V60) of a vault is overlaid in (C) and (D). 
 
Figure 7. Cryo-CLEM reveals YFP-rhTRIM5α fluorescent bodies (untreated) 
localized to autophagic vacuoles, and autophagic vacuoles contain vaults. (B) 
The boarder of the enveloped sequestosome is highlighted with a blue line. Scale 
bars = 250 nm. (D) Enlarged view of the autophagic vacuoles outlined in blue, with the 
crystal structure (4V60) of the vault complex overlaid. 
 
Figure. S1. Cell line25 exhibits strong YFP-TRIM5α fluorescent bodies at 80 K. (A) 
Deconvolved cryo-LM images (composite of phase contrast, and epifluorescence in 
YFP and DAPI channels), of HeLa cells stably expressing YFP-TRIM5α grown on an 
EM grids with 500 nm blue beads added before freezing. (B) Bottom panel shows 
deconvolved epifluorescence images overlaid onto a low-magnification cryo-EM 
projection image. The white arrow highlights a YFP-TRIM5α fluorescent body. Scale bar 
= 2 μm. 
 
Figure. S2. Cryo-CLEM reveals YFP-TRIM5α fluorescent bodies localize near vault 
complexes. The green arrow highlights a vault complex. Scale bars = 150 nm. 
 
Figure S3. Cryo-CLEM reveals YFP-TRIM5α fluorescent bodies expressed in HeLa 
cells localize to cytosolic sequestosomes. (A) and (C) Left panel shows 
deconvolved epifluorescent images overlaid onto a high-magnification cryotomogram 
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slice. (B) Middle panel shows the cryotomographic slice without fluorescence with the 
boarder of the sequestosome highlighted with a white dashed line. (C) The three vaults 
seen in (D) and (E) (different cryotomographic slices), have crystal structures (4V60) 
overlaid onto the cryotomogram. Cellular structures are labelled as followed S 
(sequestosome), and AV (autophagic vacuole). Scale bars = 100 nm. Green arrows 
highlight vault complexes.  
 
Figure S4. Cryo-CLEM reveals YFP-TRIM5α fluorescent bodies (MG-132), 
represent cytosolic sequestosomes in association with actin filaments. (B) The 
boarder of the sequestosome is highlighted with a black dashed line. Cellular structures 
are labelled as followed ER (endoplasmic reticulum), M (mitochondrion), and MT 
(microtubule). The orange arrow highlights a mitochondrion/sequestosome in close 
proximity, the blue arrow highlights an ER/sequestosome in close proximity, and the 
green arrow highlight an actin filament/sequestosome in close proximity. Scale 
bars = 200 nm. (C) Segmentation of the 3D ultrastructure inside the cell. (D) Bottom right 
panel shows a zoomed view of the area of the sequestosome shown in (B) and (C). 
 
Figure S5. Actin filaments are observed inside sequestosomes. (A) A 
cryotomogram slice of the sequestosome outlined by a black dashed line. Yellow arrows 
point to areas of the sequestosome where actin filaments can be found. Scale bar = 200 
nm. 
 
Figure S6. Cryo-CLEM reveals YFP-rhTRIM5α fluorescent bodies (untreated), 
localized to a cytosolic sequestosome:phagophore complex. (B) The yellow arrow 
highlights a sequestosome:phagophore in close proximity, the red arrow highlights a 
cytoplasm:sequestosome in close proximity, the blue arrow highlights a 
ER:sequestosome association. Scale bars = 200 nm. Inset shows an enlarged view of a 
vault, highlighted with a white dashed box, alongside the crystal structure (PDB:4V60) 
of the vault complex. Scale bar = 20 nm. (D) Enlarged view of the 
sequestosome:phagophore contact site shown in (B) and (C).  
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Figure S7. Hexagonal clathrin is located at the plasma membrane and had nearly 
identical architecture and dimensions to putative TRIM5α hexagonal nets found 
located in the cytoplasm. (A) Cryotomographic slice showing hexagonal clathrin at the 
plasma membrane circled in black. Scale bar = 250 nm.  
 
Figure S8. Cryo-CLEM reveals YFP-TRIM5α fluorescent bodies (untreated) 
localized to an autophagosome. (A) Upper left panel shows a deconvolved 
epifluorescent image overlaid onto a high-magnification cryotomogram slice. (B) Upper 
right panel shows the same cryotomographic slice without fluorescence. Blue arrow 
points to the sequestosome inside the autophagosome. Scale bars = 250 nm. (C) Bottom 
left panel shows an isosurface of the 3D ultrastructure inside the cell. (D) Bottom right 
panel shows a zoomed view of the enveloped sequestosome shown in (B) and (C). 
 
Figure S9. Cryo-CLEM reveals YFP-TRIM5α fluorescent bodies (untreated) 
localized to an autophagosome. (A) Upper left panel shows a deconvolved 
epifluorescent image overlaid onto a high-magnification cryotomogram slice. Cellular 
structures are labelled as followed S (sequestosome), AP (autophagosome), and AV 
(autophagic vacuole). 
 
Figure S10. Vaults are found inside an autophagic vacuole. (A-E) Different 
tomographic slices of the autophagic vacuole in figure 7, showing 5 vaults crystal 
structures overlaid within the lumen of the inner portion of a post-fused autophagosome. 
 
Table S1. Table detailing previous described reports of TRIM5α in proximity with other 
autophagy-related proteins   
 
Table S2. Table detailing the cellular structures that were imaged from cells treated with 
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Methods 
HeLa cells (cell line 25) 12 were maintained in a humidified 37 °C incubator with 5% CO2. 
HeLa cells were cultured where cultured in DMEM media with no phenol red (Gibco), 
containing 10% FBS, 100 units/mL penicillin, 100 μg/mL streptomycin. For cryo-FM and 
cryo-ET, cells were plated onto fibronectin-coated 200 mesh gold R2/2 London finder 
Quantifoil grids (Quantifoil Micro Tools GmbH, Jena, Germany) at a density of 
2 × 105 cells/mL. After 12 h incubation cultures were treated with MG-132 (1 μg/ml) for 2-
3 hours or left untreated, before being plunge frozen in liquid ethane/propane mixture 
using a Vitrobot Mark IV (FEI, Hillsboro, OR) (Iancu et al., 2006). Immediately prior to 
plunge-freezing, 3 µl of a suspension of beads was applied to grids. The bead 
suspension was made by diluting 500 nm blue (345/435 nm) polystyrene fluorospheres 
(Phosphorex) with a colloidal solution of 20 nm gold fiducials (Sigma Aldrich) pretreated 
with bovine serum albumin. The gold served as fiducial markers for tomogram 
reconstruction while the blue fluorospheres served as landmarks for registering 
fluorescence light microscopy (FLM) images from different channels as well as EM 
images 20. In addition, the blue fluorospheres helped locate target areas in phase 
contrast light microscopy and low-magnification EM images containing thin ice suitable 
for high-resolution ECT. Plunge-frozen grids were subsequently loaded into Polara EM 
cartridges (FEI). EM cartridges containing frozen grids were stored in liquid nitrogen and 
maintained at ≤−150 °C throughout the experiment including cryo-FLM imaging, cryo-
EM imaging, storage and transfer. 
 
Fluorescence imaging and image processing 
The EM cartridges were transferred into a cryo-FLM stage (FEI Cryostage) modified to 
hold Polara EM cartridges 14,49, and mounted on a Nikon Ti inverted microscope. The 
grids were imaged using a 60X extra-long-working-distance air-objective (Nikon CFI S 
Plan Fluor ELWD 60X NA 0.7 WD 2.62–1.8 mm). Images were recorded using a Neo 
5.5 sCMOS camera (Andor Technology, South Windsor, CT) using a 2D real-time 
deblur deconvolution module in the NIS Elements software from AutoQuant (Nikon 
Instruments Inc., Melville, NY). The 2D real-time deconvolution algorithm estimates a 
PSF using several factors such as sample thickness, noise levels in the image, 
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background subtraction and contrast enhancement. All fluorescence images (individual 
channels) were saved in 16-bit grayscale format. YFP-rhTRIM5α was visualized with a 
YFP filter. Blue fluorospheres were visualized with a DAPI filter 
 
EM imaging 
Grids previously imaged by cryo-FLM were subsequently imaged by ECT using an FEI 
G2 Polara 300 kV FEG TEM equipped with an energy filter (slit width 20 eV for higher 
magnifications; Gatan, Inc.). Images were recorded using a 4 k × 4 k K2 Summit direct 
detector (Gatan, Inc.) operating in the electron counting mode. First, areas containing 
the fluorescent bodies of interest were located in the TEM using methods described 
previously 20. Tilt series were then recorded of these areas using UCSF Tomography 50 
or SerialEM 51 software at a magnification of 18,000×, 27500×, or 34000×. This 
corresponds to a pixel size of 6 Å, 3.9 Å and 3.2 Å respectively at the specimen level 
and was found to be sufficient for this study. Each tilt series was collected from −60° to 
+60° with an increment of 1° in an automated fashion at 5–10 µm underfocus. The 
cumulative dose of one tilt-series was between 80 and 200 e−/Å2. The tilt series was 
aligned and binned by 4 into 1k x 1k using the IMOD software package 52, and 3D 
reconstructions were calculated using the simultaneous reconstruction technique (SIRT) 
implemented in the TOMO3D software package 53, or weighted back projection using 
IMOD. Noise reduction was performed using the non-linear anisotropic diffusion (NAD) 
method in IMOD 52, typically using a K value of 0.03–0.04 with 10 iterations. 
 
Segmentation and isosurface generation 
Segmentation and isosurface rendering were performed in Amira (FEI). The ER, 
phagophores, autophagosomes, autophagic vacuoles, mitochondria and vesicles, were 
segmented manually using the thresholding tool. The actin filaments were segmented 
using the Amira XTracing Extension in Amira (FEI) 54,55. The microtubules and 
ribosomes were segmented using the tomoseg machine learning module in EMAN2 
56,57. Movie image sequences were generated in JPEG format in Amira (FEI) and IMOD, 
then converted into movies using QuickTime Player 7. Photoshop CS6 (Adobe) was 
then used to produce the final versions of the movies.  
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Supplementary figures and table 
 
Table S1. TRIM5α interactions inside cells 
  
Cell Type and Method Interaction  Paper  
293T 
Immunoprecipitation assay 





p62 Mandell et al. 2014, 
O’Connor et al. 2010 
Fluorescence microscopy TRIM17 Mandell et al. 2014, 




ATG8 paralogs - 
GABARAP GABARAPL1 
LC3A, LC3B, LC3C and 
GABARAPL2 
Mandell et al. 2014 




DFCP1 omegasome Mandell et al. 2014 
HeLa cells Fluorescence 
microscopy and 293T 
Coimmunoprecipitation 
assay 
ULK1 Mandell et al. 2014 
Proximity ligation assay Beclin 1 Mandell et al. 2014 
Immunoprecipitation assay p62 Ribero et al. 2016 
Immunoprecipitation assay Atg16L1 Ribero et al. 2016 





Table S2. Cellular structures and autophagic organelles found with and without MG-132 
Cell  MG-132 Treatment  Cellular structure 
1 - Sequestosome 
1 - 2 x Autophagosome 
2  - Sequestosome  
2  - Phagophore 
3  - Autophagosome 
3  - Autophagic Vacuoles 
3  - Phagophore/Sequestosome 
4  - Autophagosome 
4  - Autophagosome 
5 - TRIM5α hexagons 
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6 - Phagophore/Sequestosome 
6 - 2 x Sequestosome 
7  - Autophagic Vacuoles 
7   Vault 
8  - Autophagosome 
9  + 2 x Autophagic Vacuoles 
9  + Phagophore/Hexagonal Net 
10  + Phagophore/Sequestosome 
11  + Sequestosome 
12  + Autophagic Vacuoles 
13  + Sequestosome/Vaults 
14  + Sequestosome 
15  + Sequestosome 
16  + Sequestosome 
17  + Phagophore/Sequestosome 
18  + Sequestosome 
19 + Autophagosome 








All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which. http://dx.doi.org/10.1101/835322doi: bioRxiv preprint first posted online Nov. 7, 2019; 
 29 
All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.






All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.




All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which. http://dx.doi.org/10.1101/835322doi: bioRxiv preprint first posted online Nov. 7, 2019; 
 32 
 
All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.







All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which. http://dx.doi.org/10.1101/835322doi: bioRxiv preprint first posted online Nov. 7, 2019; 
 34 
All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.









All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which. http://dx.doi.org/10.1101/835322doi: bioRxiv preprint first posted online Nov. 7, 2019; 
 36 
 
All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which. http://dx.doi.org/10.1101/835322doi: bioRxiv preprint first posted online Nov. 7, 2019; 
 37 
All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.




All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint (which. http://dx.doi.org/10.1101/835322doi: bioRxiv preprint first posted online Nov. 7, 2019; 
